We report optical properties of infrared (IR)-bright dust-obscured galaxies (DOGs) that are defined as (i − [22]) AB ≥ 7.0. Since supermassive black holes (SMBHs) in IR-bright DOGs are expected to be rapidly growing in the major merger scenario, they provide useful clues to understand the co-evolution of SMBHs and their host galaxies. However the optical properties of IR-bright DOGs are still unclear, because the optical emission of DOGs is very faint. By combining ∼ 53 deg 2 images of the optical, near-IR, and mid-IR data that are obtained with the Subaru Hyper Suprime Cam (HSC) survey, VISTA VIKING survey, and WISE all-sky survey, respectively, 427 IR-bright DOGs are selected. We find that IR-bright DOGs show a redder (g − z) AB color than other populations of dusty galaxies such as ultra-luminous IR galaxies (ULIRGs) at a similar redshift, with a significantly large dispersion. Among the selected DOGs, star-formation (SF)-dominated DOGs show a relatively red color while active galactic nucleus (AGN)-dominated DOGs show a rather blue color in optical. This result is consistent with the idea that the relative AGN contribution in the optical emission becomes more significant at a late stage in the major merger scenario. Roughly 2% of AGN-dominated DOGs show a significant blue excess in blue HSC bands (BluDOGs), which can be interpreted as a leaked AGN emission as proposed for some blue-excess Hot DOGs in earlier works.
INTRODUCTION
It is widely recognized that there are some tight scaling relations between the mass of supermassive black holes (SMBHs) and properties of the host galaxy such as the stellar mass (e.g., Magorrian et al. 1998; Marconi & Hunt 2003; Gültekin et al. 2009 ). Such scaling relations are now regarded as observational evidence suggesting the so-called co-evolution between galaxies and SMBHs, i.e., galaxies and SMBHs have evolved with a close interplay during the cosmological timescale (see Kormendy & Ho 2013 for a review). One important question about the co-evolution is how the mass accretion onto SMBHs is triggered, because the angular momentum prevents the gas at the nucleus from accreting onto the SMBH. Therefore, it has been regarded that a major merger of two (or more) gas-rich galaxies is an efficient path to trigger the mass accretion onto a SMBH (e.g., Sanders et al. 1988; Hopkins et al. 2006 ). In such scenarios, the gas-rich galaxy merger first causes active star-formation (SF), and then the gas accretion to the nuclear region triggers the activity of SMBHs that will be recognized as an active galactic nucleus (AGN). However, the most active period of these SF-phase and AGN-phase is generally obscured by heavy dust, which prevents us from investigating these phases observationally. Another difficulty to investigate such active systems is the rareness of galaxies in the very active phase, since the timescale of the most active phase of the co-evolution is expected to be short (e.g., Dey et al. 2008; Hopkins et al. 2008) .
Recently, dust-obscured galaxies (DOGs; Dey et al. 2008) shed light on this issue, because SMBHs in DOGs are expected to be rapidly growing during the co-evolution. DOGs are originally defined as galaxies that are bright in mid-infrared (MIR) while faint in optical; more specifically, (R − [24] ) AB ≥ 7.5 mag (i.e., F ν (24µm)/F ν (R) 1000); Dey et al. 2008; Fiore et al. 2008) . In the context of the gas-rich major merger scenario, it is expected that the SF-phase evolves to the AGN-phase because the merging event leads to the active SF while the gas accretion onto the nucleus caused by such a merger requires some time (see, e.g., Davies et al. 2007; Hopkins 2012; Matsuoka et al. 2017 ). Since such active galaxies are expected to be heavily surrounded by dust, DOGs potentially correspond to galaxies in the SF-phase or AGN-phase (Dey et al. 2008; Hopkins et al. 2008) . DOGs are classified into two sub-classes based on their spectral energy distribution (SED), which are "Bump DOGs" and "PowerLaw (PL) DOGs" (Dey et al. 2008) . The bump DOGs show a rest-frame 1.6 µm stellar bump in their SEDs, while the PL DOGs show a power-law feature on their SEDs. Therefore, it is considered that the bump DOGs correspond to galaxies in the SF-mode (Desai et al. 2009; Bussmann et al. 2011 ) while the PL-DOGs correspond to galaxies in the AGN-phase (Fiore et al. 2008; Bussmann et al. 2009; Melbourne et al. 2012) . The fraction of PL DOGs among all DOGs increases with increasing the MIR flux density (e.g., Dey et al. 2008; Toba et al. 2015) , which is similar to the behavior of the luminosity dependence of the AGN fraction in ultraluminous infrared (IR) galaxies (ULIRGs; see Sanders & Mirabel 1996 for a review). The comoving number density of DOGs shows its peak at z ∼ 1 − 2 (e.g., Dey et al. 2008; Toba et al. 2017 ) that corresponds to the peak of star-formation rate density and the growth rate of SMBHs (e.g., Richards et al. 2006; Madau & Dickinson 2014) . This strongly suggests that DOGs are related to the most active objects in terms of the co-evolution between galaxies and SMBHs. In this sense, DOGs with a high IR luminosity potentially harbor a rapidly growing SMBH, and therefore they are important to understand the co-evolution of galaxies and SMBHs.
The difficulty in studying statistical properties of DOGs is caused by the low number density and optical faintness of DOGs, which requires optical imaging surveys with a wide survey area and enough sensitivity. Such optical surveys are now completely feasible thanks to Subaru Hyper Suprime-Cam (HSC; Miyazaki et al. 2012; Miyazaki et al. 2018) . One of legacy surveys with Subaru HSC is the Subaru Strategic Program (SSP; Aihara et al. 2018) , which consists of three layers (Ultra Deep, Deep and Wide). Especially, the HSC-SSP wide-field survey is now on going to observe northern areas of 1400 deg 2 down to r lim = 26.1 [AB mag]. This survey is extremely powerful to construct a statistical sample of IR-bright DOGs 1 whose number density is so low (log φ = −6.59 ± 0.11 Mpc −3 ; Toba et al. 2015) . Toba et al. (2015) carried out a pilot survey of such IR-bright DOGs for ∼9 deg 2 by combining optical, near-IR (NIR), and MIR imaging data that are obtained from the HSC-SSP early data release catalog (S14A 2 ), the VISTA Kilo-degree Infrared Galaxy survey (VIKING; Arnaboldi et al. 2007 ) data release (DR) 1 3 , and the Wide-field Infrared Survey Explorer 1 Here we use the term "IR-bright DOGs" without any quantitative definition, but see Section 2.1.2 and Section 4.1 for some descriptions about the IR flux of HSC-selected DOGs.
2 The S14A catalog was released internally within the HSC survey team that is based on the data obtained from March 2014 to April 2014.
3 https://www.eso.org/sci/observing/phase3/data releases/ viking dr1.pdf (WISE; Wright et al. 2010 ) ALLWISE catalog, respectively. They discovered 48 IR-bright DOGs and investigated their statistical properties in NIR and MIR. However, they did not investigate rest-frame ultraviolet (UV) and optical properties of IR-bright DOGs since only 2 optical bands (i-and y-band) were available in the HSC-SSP S14A data (see Toba et al. 2015) .
Recently, Assef et al. (2016) discovered objects with blue excess in the rest-frame UV among the "hot" dustobscured galaxies (Hot DOGs; Eisenhardt et al. 2012; Wu et al. 2012) , which are characterized by relatively hotter dust than in normal DOGs (see Wu et al. 2012 for more detail). Assef et al. (2016) reported that Hot DOGs are not always red in the rest-frame UV/optical; in such Hot DOGs, AGN emission leaked from the nucleus may cause a blue excess (Assef et al. 2016 ). Thus it is worth studying whether such a blue excess is seen also in IR-bright DOGs that are in the most active phase of the co-evolution. Since the physical nature of IR-bright DOGs is still unexplored, detailed studies of rest-frame UV and optical properties of IR-bright DOGs may provide us new knowledge about such an interesting population of galaxies.
This work aims at studying statistical properties of IR-bright DOGs in the rest-frame UV and optical wavelengths for the first time, based on the latest data release catalog data of the HSC-SSP, the VIKING, and the WISE surveys. This paper is organized as follows. We describe the sample selection of IR-bright DOGs and the classification to bump DOGs and PL DOGs in Section 2. In Section 3, we describe the obtained optical properties of IR-bright DOGs, and we discuss the result in Section 4. We give a summary in Section 5. Throughout this paper, the adopted cosmology is a flat universe with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7. Unless otherwise noted, all magnitudes refer to the AB system.
DATA ANALYSIS

Sample selection
In this work, we selected IR-bright DOGs based on a similar selection procedure of Toba et al. (2015) . In short, we select IR-bright DOGs by combining the WISE all-sky data and deep optical imaging data obtained with the Subaru HSC. However, it is sometimes difficult to identify optical counterparts of WISE sources since the spatial resolution of WISE is far lower than that of HSC. We therefore utilize NIR imaging data to preselect relatively red objects among the HSC-detected objects, in the same manner as Toba et al. (2015) . Figure  1 shows the flow chart of our sample selection process. With this algorithm, we found a total of 427 IR-bright Table 1 . Difference between the catalogs in Toba et al. (2015) and this work Toba et al. (2015) This work
Optical data HSC S14A wide HSC S16A wide DOGs over 53 deg 2 . The details of the catalogs, matching procedure, and the DOG selection procedure are given in the following subsections.
Catalogs
In this work, we used the HSC catalog data (optical), VIKING catalog data (NIR), and WISE catalog data (MIR). Differences in the adopted catalogs between Toba et al. (2015) and this work are summarized in Table 1. Table 2 summarizes the details of the photometric bands used in this work.
HSC is a wide-field optical imaging camera installed at the prime focus of the Subaru Telescope, which has a wide field-of-view with a 1.5 deg diameter (Miyazaki et al. 2018; Komiyama et al. 2018; Kawanomoto et al. in prep.; Furusawa et al. 2018) . The total survey area of S16A data observed by HSC-SSP is wider than that of S14A data (the total survey area of S14A wide is 24 deg 2 ). The S16A catalog was released internally within the HSC survey team that is based on the data obtained from March 2014 to April 2016. The total survey area of the S16A wide is 456 deg 2 , which is observed with 5 bands (full color). Among the observed area, 178 deg 2 have the planned full-depth data for the full 5 bands. S14A data has only 2 bands (i and y) while S16A data has 5 bands (g, r, i, z and y) (Aihara et al. 2018) . Therefore the optical properties of the IR-bright DOGs in Toba et al. (2015) were not investigated. Here we use a forced photometric catalog of the S16A release, because the same physical region should be investigated for measur-HSC S16A wide forced catalog 294, 392, 329 (Ivezic et al. 2008; Axelrod et al. 2010) . The photometric calibration is based on the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) 1 imaging survey data (Magnier et al. 2013; Schlafly et al. 2012; Tonry et al. 2012) . In Table 3 ) since those fields overlap with VIKING fields. The limiting magnitudes (5σ, 2 ′′ diameter aperture) of the HSC g-band, r-band, i-band, z-band and y-band are 26.5, 26.1, 25.9, 25.1 and 24.4 mag, respectively (Table 2) . Hereafter we use the cmodel mag for investigating photometric properties of the sample.
The VIKING is a wide area NIR imaging survey with 5 bands (Z, Y , J, H and Ks) that was observed by VISTA Infrared Camera on the VISTA telescope (Dalton et al. Table 2) . We use 2 ′′ -aperture magnitudes in our analysis. The WISE is a satellite that obtained sensitive allsky images in the MIR bands (3.4, 4.6, 12 and 22 µm). We used the ALLWISE catalog (Wright et al. 2010; Cutri & et al. 2014 ) in this work. Although the sensitivity depends on sky position, the sensitivities at 3.4, 4.6, 12 and 22 µm are generally better than 0.054, 0.071, 1 and 6 mJy (i.e., those limiting magnitude are better than 19.6, 19.3, 16.4 and 14.5 mag), respectively ( Table 2) . We use profile-fitting magnitudes for analyzing the WISE photometric information (Wright et al. 2010 ).
Clean samples
In the selection of DOGs, first we made clean samples that are composed of only properly-detected objects. The HSC S16A wide forced catalog contains 294,392,329 objects. Based on the selection procedure of Toba et al. (2015) , we excluded objects whose photometries are not properly measured (see Figure 1 ). More specifically, objects affected by bad pixels, cosmic rays, neighboring bright objects, saturated pixels, or edge of CCDs were removed from the sample, by utilizing the following flags: flags pixel bad, flags pixel cr center, flags pixel bright object any, flags pixel saturated center, and flags pixel edge. Objects without a clean measurement of the centroid or cmodel flux in any bands were similarly excluded from the sample by using the following two flags: centroid sdss flags and cmodel flux flags. Also, Objects which are not deblended, and are not unique in i-band were excluded from the sample by using the following two flags: merge mesurement i and detect is primary. For removing objects whose photom-etry is not reliable, objects with SN < 5 in any bands were excluded from the sample. Based on the criterion of Aihara et al. (2018) , objects with insufficient exposures were excluded from the sample (i.e., gcountinputs < 4, rcountinputs < 4, icountinputs < 6, zcountinputs < 6, or ycountinputs < 6). The GAMA09H region includes objects whose photometry was not properly done due to too good seeing. We excluded these objects from the HSC clean sample by adopting a criterion of DEC < 2.5 deg. As a result, 12,275,212 objects were left as the HSC clean sample.
The VIKING DR2 catalog contains 46,270,162 objects.
Following Toba et al. (2015), we made the VIKING clean sample. Specifically, objects which are not unique were excluded from the VIKING clean sample by using a criterion of "primary source = 1". Objects are affected by significant noises were also excluded from the VIKING clean sample by using a criterion of "kspperrbits = 0". Objects with SN < 5 in Ks-band were excluded from the VIKING clean sample. As a result, 13,455,180 objects were left as the VIKING clean sample.
The ALLWISE catalog contains 747,634,026 objects. We made the ALLWISE clean sample; i.e., objects whose photometry was not properly done due to significant noise were excluded from the ALLWISE clean sample by adopting criteria of "w4sat = 0" and "w4cc map = 0". Objects with SN < 3 (that corresponds to ∼ 2 mJy) in the W 4-band were excluded from the ALLWISE clean sample. As a result, 9,439,990 objects were left as the ALLWISE clean sample.
Cross-matches and selection
We cross-matched the clean samples to select IRbright DOGs. The overlap region is ∼ 53 deg 2 in total. One problem in cross-matching the HSC objects with the WISE objects is that the angular resolution of the HSC image is significantly different from the angular resolution of the WISE image (the typical angular resolutions are ∼ 0.
′′ 6 in the HSC i-band and ∼ 10 ′′ in the WISE W 4-band, respectively). Thus, it is difficult to cross-identify the HSC objects and the ALLWISE objects, when one ALLWISE object has multiple candidates of the HSC counterpart.
In this work, we utilize the fact that DOGs show a very red optical-NIR color. The VIKING angular resolution (∼ 1 ′′ ) is close to the HSC angular resolution (∼ 0.
′′ 6). Hence we first joined the HSC clean sample with the VIKING clean sample, and we adopted the same optical-NIR color cut as Toba et al. (2015) . Next, we cross-identified the resultant "red" HSC objects with the ALLWISE objects. Finally, we selected IR-bright DOGs by adopting the definition of DOGs.
We cross-matched the HSC clean sample (12,275,212) with the VIKING clean sample (13, 455, 180) by the nearest match with a search radius of 1.0 arcsec (see Figure 4 of Toba et al. 2015) . As a result, we selected 1,082,644 objects. However, if we performed the nearby match with the same search radius (i.e., selecting all of objects within search radius) between the HSC and the VIKING samples, we select 1,090,943 objects. The number difference between objects of the nearest match and the nearby match is 8,299 objects, which corresponds to the number of possible miss-matched pairs. However, we adopted the nearest match method because the frequency of such possible miss-matched pairs is negligible (< 1%).
We performed an optical-NIR color cut with a criterion adopted by Toba et al. (2015) :
With this criterion, we selected 521,432 objects (hereafter the HSC-VIKING sample). We cross-matched the HSC-VIKING sample (521,432) with the ALLWISE clean sample (9,439,990) by the nearest match with a search radius of 3.0 arcsec (see Figure 4 of Toba et al. 2015) . As a result, we selected 1,435 objects (hereafter the HSC-WISE sample). Note that the number of the matched objects with the nearby match is 1,486, which is almost the same as the number of the nearest-matched objects (the difference is ∼ 4%). Therefore we decided to adopt the nearestmatch method.
Finally, we adopted the following DOGs selection criterion:
As a result, we finally selected 427 IR-bright DOGs (see Figure 1 ).
Classification of DOGs
We classify our IR-bright DOG sample into 2 types (bump DOGs and PL DOGs; see Dey et al. 2008) , based on the SED using the classification criterion of Toba et al. (2015) .
First, we assumed that each SED is described by a power-law from NIR to MIR. We fitted the MIR SED (W 2, W 3, and W 4) by a power-law, and calculated the expected Ks-band flux described by the extrapolation from the MIR power-law fit(f f it Ks ). We selected bump DOGs by adopting the following criterion: where f Ks is the observed Ks-band flux. On the other hand, we classified the remaining DOGs as PL DOGs. Note that we classified only 224 DOGs that are detected in all of the W 2, W 3, and W 4-bands with SN ≥ 2 into the bump DOG and PL DOG (see Table 4 ). We refer to the remaining 203 DOGs as the unclassified DOGs. As a result, the bump DOGs are 40 objects, and the PL DOGs are 184 objects (Table 5) .
Here the MIR spectral index in the power-law fit (α MIR ) is expressed as follows: Figure 2 shows the frequency distribution of the MIR spectral index for bump DOGs and PL DOGs, whose mean and standard deviation are 2.73 ± 0.30 and 1.89 ± 0.42 respectively. This suggests that the SED in MIR is systematically steeper in bump DOGs than in PL DOGs. Therefore, a large fraction of unclassified DOGs (which are undetected in a shorter band of WISE and thus characterized by a steep MIR color) is expected to be bump DOGs intrinsically (see Section 4.1 for the related discussion). The total survey area of this work is ∼ 53 deg 2 , which is about 6 times wider than the survey area of Toba et al. (2015) (∼ 9 deg 2 ). We selected 427 IR-bright DOGs (Figure 1 ). Our DOG sample is about 9 times bigger than the Toba et al. (2015) DOG sample (48 objects). The achieved higher efficiency in selecting DOGs in this study is likely because of improvements in the HSC pipeline which detects faint objects more reliably. On the other hand, the number of DOGs in this work is far smaller than the number of DOGs selected recently by Toba et al. (2017) using the HSC S15B catalog and the ALLWISE catalog (4,367 objects over ∼ 125 deg 2 ). This is partly because the survey area of our work is limited within the VIKING field while Toba et al. (2017) fully utilized the HSC survey regions since they did not use the optical-NIR color cut. Note that, even within the VIKING field, we likely fail to select some NIR-faint DOGs due to the insufficient sensitivity of the VIKING data. Figure 3 shows the i-band vs. log[flux(22 µm)] diagram, where we compare the basic statistics of our DOG sample with those of previous DOG samples. As for the comparison with the Toba & Nagao (2016) DOG sample using the Sloan Digital Sky Survey (SDSS; York et al. 2000), this figure shows that the most of DOGs in our work are fainter in optical (i ≃ 21 − 24) than DOGs in Toba & Nagao (2016) (i ≃ 19 − 22) , suggesting that the DOGs samples of ours and of Toba & Nagao (2016) are complementary to each other. On the other hand, the first limit in the 22 µm flux of our DOG sample is ∼ 2 mJy, which is shallower than the faint limit of the DOG sample of Toba & Nagao (2016) whose limit is ∼ 1.5 mJy. This is because the survey area of Toba & Nagao (2016) We investigate the (g − z) AB color of the DOGs to compare with that of other galaxy populations. Here the g-band and z-band are used in order to cover a wide wavelength range in optical as much as possible while we avoid to use shallow y-band data. The average and the standard deviation of (g − z) AB for our DOG sample is 2.29 ± 0.95. We also investigate the (g − z) AB color of the whole the HSC clean sample to compare with our DOGs. The average and the standard deviation of (g − z) AB for the HSC clean sample is 1.42 ± 0.83. We show the histograms of the (g − z) AB color of our DOG sample and our HSC clean sample in Figure 4 . This figure shows that the (g − z) AB color of our DOG sample is significantly redder than the (g − z) AB color of the HSC clean sample. More remarkably, the dispersion of the (g − z) AB color of our DOG sample is much larger than that of the HSC clean sample. We compare the (g − z) AB color of our DOG sample with that of other population of galaxies (see Table 6 ). Dey et al. (2008) reported that most of DOGs satisfy also the criterion of ULIRGs (i.e., 12 ≤ log [L IR /L ⊙ ] < 13); therefore it is worth comparing the optical color of DOGs with such IR luminous populations of galaxies. Here we investigate the optical color of ULIRGs and also hyper-luminous IR galaxies (HyLIRG; 13 ≤ log [L IR /L ⊙ ] < 14; e.g., Rowan-Robinson 2000) selected by Kilerci Eser et al. (2014) using the AKARI data (Murakami et al. 2007) . Note that the IR galaxies studied by Kilerci Eser et al. (2014) are mostly located in low-z (z < 0.5). For this comparison, we converted the SDSS photometric magnitudes to the HSC photometric magnitudes by adopting the equations given by Akiyama et al. (2018) as follows: (2) ULIRG (0.5 < z < 1.5) 75 0.46±0.60 (2) ULIRG (1.5 < z < 2.5) 62 0.37±0.26 (2) HyLIRG (z < 0.5) 1 1.34 (1) HyLIRG (z < 0.5) 2 1.37±0.24 (2) HyLIRG (0.5 < z < 1.5) 16 0.62±0.51 (2) HyLIRG (1.5 < z < 2.5) 14 0.36±0.20 (2) QSO (z < 0.5) 3,340 1.02±0.49 (3) QSO (0.5 < z < 1.5) 51,413 0.53±0.37 (3) QSO ( As a result, the average and the standard deviation of (g − z) AB in the low-z ULIRGs are 1.41 ± 0.49, and the (g − z) AB color of 1 HyLIRG in the sample of Kilerci Eser et al. (2014) is 1.34 (see Table 6 ). Clearly the optical color of low-z IR galaxies is much bluer than that of our DOG sample. Toba et al. (2017) reported that the redshift of IR-bright DOGs is typically z ∼ 1 − 2 (see also Toba & Nagao 2016) . Thus, we investigate the HSC (g− z) AB color of higher-z ULIRGs and higher-z HyLIRGs at z ∼ 1 − 2 using the Rowan-Robinson et al. (2013) sample based on the data of SWIRE (Lonsdale et al. 2003) . We select ULIRGs and HyLIRGs with a secure spec-z and a secure IR luminosity derived through template fitting to the observed SED. We then investigate the HSC (g − z) AB color with the conversion equations by Akiyama et al. (2018) for ULIRGs and HyLIRGs at z < 0.5, 0.5 < z < 1.5, and 1.5 < z < 2.5, respectively. As a result, the average of the HSC (g − z) AB color for ULIRGs are 1.37 ± 0.65 (z < 0.5), 0.46 ± 0.60 (0.5 < z < 1.5), and 0.37 ± 0.26 (1.5 < z < 2.5), while the average of the HSC (g − z) AB color for HyLIRGs are 1.37 ± 0.24 (z < 0.5), 0.62 ± 0.51 (0.5 < z < 1.5) and 0.36 ± 0.20 (1.5 < z < 2.5). Even at redshift of z ∼ 1 − 2 where most of IR-bright DOGs are expected to reside, the optical color of ULIRGs and HyLIRGs show a much bluer color than that of DOGs. Note that the dispersion in the (g − z) AB color of IR-bright DOGs is much larger than that of ULIRGs or HyLIRGs at similar redshift.
On the other hand, the DOGs is a candidate population of galaxies that are evolving to quasars through gas-rich mergers (Desai et al. 2009; Bussmann et al. 2011) . Thus, it is interesting to compare the optical color of DOGs also with that of quasars. Here we study the (g − z) AB color of quasars taken from SDSS-III baryon oscillation spectroscopic survey (BOSS, Dawson et al. 2013 ) quasar catalog DR12 (Pâris et al. 2017) .
We select objects with a reliable redshift ("ZWARNING = 0"), a relatively small error in the derived redshift ("|ERR ZPIPE| < 0.01"), no features of broad absorption lines (BALs) ("BAL FLAG VI = 0") and a high confidence of the measured redshift ("|(Z VI) − (Z PIPE)| < 0.05"). We also give a constraint of SN ≥ 5 for g, r, i, and z-bands for the BOSS quasars to obtain reliable optical colors. The HSC (g − z) AB color for the obtained quasar calculated again using the conversion equations of Akiyama et al. (2018) . As a result, the obtained averages of the HSC (g − z) AB color for the quasar sample are 1.02 ± 0.49 (z < 0.5), 0.53 ± 0.37 (0.5 < z < 1.5), and 0.48 ± 0.28 (1.5 < z < 2.5), respectively. The average of the HSC (g −z) AB color for our DOG sample is much redder than the average of the HSC (g − z) AB color of the BOSS quasar sample (Table 6 ).
Fraction of PL DOGs as a function of the optical color
In order to study the origin of the large dispersion in the HSC (g − z) AB color shown in Figure 4 , we investigate the HSC (g − z) AB color and α AB distribution for PL DOGs and bump DOGs separately ( Figure 5 ). The top panel shows that the HSC (g − z) AB color distribution of PL DOGs (1.84 ± 0.84) is bluer than that of bump DOGs (2.64 ± 0.87). Figure 5 also shows the HSC (g − z) AB color distribution of unclassified DOGs (2.62±0.89), that is very similar to that of bump DOGs. This is consistent to the idea that most of unclassified DOGs are intrinsically bump DOGs, as already mentioned in Section 2.2. Lower panel shows that the two populations of DOGs are located in distinct regions in the α MIR v.s. (g − z) AB plane. Figure 6 shows the fraction of the PL DOGs among the sum of the PL and bump DOGs and that among the total population of Figure 5 . The distribution of (g − z)AB and αMIR of IRbright DOGs. The histograms of (g − z)AB frequency are given on the top. The cyan, magenta, and black histograms denote the PL DOGs, bump DOGs, and unclassified DOGs, respectively. The cyan and magenta filled circles denote the PL DOGs and bump DOGs, respectively. Numbers in parentheses indicate the number of objects.
DOGs (i.e., including also unclassified DOGs) as a function of the HSC (g − z) AB color (see also Table 7 ). We find a negative correlation between the HSC (g − z) AB color and the fraction of PL DOGs, regardless of how to define the fraction of the PL DOG. This suggests that the PL DOGs and bump DOGs have a systematically different color in optical, which causes the large dispersion of the HSC (g − z) AB color shown in Figure 4 . This systematic difference in the HSC (g−z) AB color between PL DOGs and bump DOGs is a major origin of the large dispersion of the HSC (g − z) AB color of the IR-bright DOGs seen in Figure 4 . We will discuss this result more in Section 4.2.
Redshift Distribution of IR-bright DOGs
We obtain the photometric redshift of our DOG sample derived with a photo-z code (MIZUKI: Tanaka 2015) using the 5-bands HSC photometry. This photo-z code adopts the SED fitting technique where the spectral templates of galaxies by Bruzual & Charlot (2003) are used. Toba et al. (2017) investigated the redshift distribution of IR-bright DOGs using a sample with a "reliable z ph " that is defined by χ where χ 2 z is the reduced χ 2 for the template fitting and σ z is the estimated uncertainly in the derived z ph . In this work, we adopt the same criteria as Toba et al. (2017) for defining the reliable photometric redshift, and investigate its distribution. As a result, we obtain 115 DOGs with a reliable photometric redshift (Figure 7) . The averages and the standard deviations of the photometric redshift for all the IR-bright DOGs (i.e., in- cluding non-reliable photometric redshift) and those for IR-bright DOGs with a reliable photometric redshift are z ph = 1.07 ± 0.38 and 1.12 ± 0.25, respectively. This reliable photometric redshift (z ph = 1.12 ± 0.25) is consistent with the reliable photometric redshift of IR-bright DOGs studied in Toba et al. (2017) (z ph = 1.19 ± 0.30). Note that the photo-z distribution of our IR-bright DOG sample is not strongly affected by the photo-z distribution of the parent sample. Figure 8 shows the frequency distributions of photo-z and "reliable" photo-z for the HSC-VIKING sample (see Figure 1) , whose averages and the standard deviations are z ph = 0.78 ± 0.34 and 0.89 ± 0.23 respectively. The peak and the whole shape are systematically different between the IR-bright DOGs and HSC-VIKING sample.
Since we are now studying the optical color in the observed frame, it may introduce systematic uncertainties if the redshift distribution of PL DOGs and that of bump DOGs is systematically different. Therefore, we investigate the distribution of the photometric redshift of PL DOGs and that of bump DOGs separately (Figures 9 and 10) . The average and the standard deviation of the photometric redshift for all the PL DOGs (i.e., including non-reliable photometric redshift) and those for PL DOGs with a reliable photometric redshift are z ph = 1.14 ± 0.46 and 1.22 ± 0.21, respectively. The average and the standard deviation of the photometric redshift for all the bump DOGs and those for bump DOGs with a reliable photometric redshift are z ph = 0.94±0.35 and 1.02 ± 0.29, respectively. We thus conclude that there is no significant different in the photometric red- shift between PL DOGs and bump DOGs in our IRbright DOG sample.
Optical color-color diagram
In the previous subsection, it is shown that the redshift distribution of our DOG sample is mostly distributed around z ∼ 1. At z ∼ 1, the (g − r) AB color corresponds to the rest-UV slope at a shorter wavelength than the 4000Å break while the (r − z) AB color corresponds to the amplitude of the 4000Å break. There- fore, we here investigate the color-color diagram with the HSC (g − r) AB vs. (r − z) AB colors. Note that we do not use y-band data since the limiting depth of the HSC y-band data is relatively shallow with respect to the other HSC bands. Figure 11 shows the (g − r) AB vs. (r − z) AB color-color diagram with the HSC clean sample. The color distribution of the HSC clean sample shows 2 sequences, which correspond to the stellar sequence (upper one) and the galaxy sequence (lower one) respectively. As a rough separator for these two sequences, we also show a line of (g − r) AB = (r − z) AB . We plot our DOG sample on the same HSC (g − r) AB vs. (r − z) AB color-color diagram (Figure 12 ). Most DOGs in our sample is located in the lower-left side from the separator, i.e., (g − r) AB < (r − z) AB . Only ∼ 6 % of DOGs in our sample is populated in the opposite side from the separator, suggesting that Galactic stars do not contaminate seriously our DOG sample, as expected. We will discuss the optical color properties of DOGs in our sample more in Section 4.3.
DISCUSSION
Selection effects
In Section 3 we reported the rest-frame optical properties of IR-bright DOGs and also their dependences on the spectral type (bump DOGs or PL DOGs). However, the selection procedure described in Section 2 may introduce some selection effects that could affect the statistical properties of rest-frame optical properties of IRbright DOGs. Therefore, in this subsection, we discuss possible selection effects especially by examining those related to the detection at the HSC optical bands and to the optical-NIR color cut. One possible origin of the selection effect is the criterion for the HSC detection; in our selection procedure, a significant detection at all of the 5 HSC bands is required. This may result in losing DOGs with a very red color in optical, since such DOGs do not show detectable fluxes in blue optical bands. In order to check this effect, we define "izy-detected DOGs" for which we do not require the detection in the HSC g and r-bands (but the remaining criteria are the same as the main IR-bright DOGs). There are 566 izy-detected DOGs, among which 142 DOGs are undetected in g-band and/or rband (hereafter "g-or-r-undetected DOGs"). Such g-orr-undetected DOGs are not included in our original sample ("5-band detected DOGs"). Table 8 shows the classification result of the g-or-r-undetected DOGs. Figure  13 shows the (i − Ks) AB histograms for 5-band detected (i.e., original) DOG sample and for g-or-r-undetected DOG sample, respectively. The color of (i − Ks) AB for 5-band detected DOG sample and for g-or-r-undetected DOG sample are 2.37±0.60 and 2.83±0.73, respectively. Since g-or-r-undetected DOGs show a redder i − Ks color than 5-band detected DOGs, our original selection criterion requiring 5-band detection in the HSC image results in losing DOGs with a relatively red color in the optical-NIR range. Note that most of g-or-r-undetected DOGs categorized as unclassified DOGs are expected to be bump DOGs (see Section 2.2). Therefore, even by taking into account of the effect of the detection in the HSC optical bands, still we selectively see DOGs with a blue optical color in PL DOG sample rather than in bump DOG sample.
Another possible origin of the observational bias is the criterion of (i − Ks) AB ≥ 1.2. This criterion is introduced to reduce the mis-match between the WISE source and the HSC source (see Section 2.1.3). Here the adopted criterion was originally introduced by Toba et al. (2015) , by showing that all of DOGs in Bussmann et al. (2012) satisfy this criterion. However, the DOG sample of Bussmann et al. (2012) was selected from the NOAO Deep Wide-Field Survey (ND-WFS) Boötes field (see Dey et al. 2008 ) and the selected DOGs are systematically fainter (F 24 ∼ 0.3 − 1 mJy) than our IR-bright DOGs (F 22 ∼ 2 − 10 mJy; see Figure  3 ). Therefore it is not clear whether the optical-IR color properties of IR-bright DOGs are the same as IR-fainter DOGs of Bussmann et al. (2012) ; in other words, we may lose some IR-bright with a relatively blue optical-IR color DOGs by introducing the i − Ks criterion. In order to examine this possible selection effect, we construct a sample of DOGs without adopting the i − Ks criterion. Here we cross-match the HSC clean sample with the ALLWISE clean sample. Then we remove the cases where more than 1 HSC sources are found within 3 arcsec from the WISE source when we search for the optical counterpart of WISE sources to avoid mis-matches. Through the IR-bright DOG selection criteria, we obtain 762 DOGs (WISE-HSC DOGs; hereafter WH DOG sample). Figure 14 shows (g − z) AB color histograms for the WH DOGs, the original IR-bright DOGs, and the HSC clean sample. The (g − z) AB color of the WH DOGs is 1.92 ± 0.97, which is systematically bluer than the original IR-bright DOGs (2.29 ± 0.95; see Table 6 ). This suggests that we are actually losing DOGs with a relatively blue optical-IR color in our IR-bright DOG selection procedure. However, in the following sections we use the original IR-bright DOG sample to investigate the optical color properties of IR-bright DOGs, by keeping this observational bias against relatively blue DOGs in mind. 
Why do PL DOGs show a bluer optical color?
Here we discuss why PL DOGs show a bluer optical color as presented in Figures 5 and 6 . First, we show that the observed (g − z) AB color is not sensitive to the redshift (Figure 15 ), suggesting that a slight systematic difference in the redshift distribution among sub-classes of DOGs does not affect the (g −z) AB color significantly. For the sake of discussing the origin of the bluer color of PL DOGs, we show the mean SEDs of bump DOGs and PL DOGs in Figure 16 , where the SEDs are normalized by the i-band flux and averaged in the logarithmic scale (i.e., the geometric mean). The normalized mean flux of each band is given in Table 9 . In the top panel of Figure 16 , the mean SED of bump DOGs clearly shows the bump feature that is dominated by the stellar emission (Desai et al. 2009; Bussmann et al. 2011) . The optical bands consist of the shorter-wavelength side of the SED, suggesting that the (g − z) AB color is determined by the reddened stellar spectrum. On the other hand, the mean SED of PL DOGs is consistent with a single power-law from MIR to optical, strongly suggesting that the optical emission is dominated by the unreddened AGN emission (see the center panel of Figure 16 ). Therefore, the origin of the optical emission is different between bump DOGs and PL DOGs, which makes a systematic difference in the (g − z) AB color between the two populations of DOGs. Dey et al. (2008) proposed an evolutionary scenario, in which gas-rich major mergers cause the SF-dominated phase (bump DOGs) and then subsequently the AGNdominated phase (PL DOGs) comes. Our results and the scenario of Dey et al. (2008) suggest that the optical emission of DOGs is redder in the early phase after the major merger and the subsequently enhanced AGN emission overlays the stellar emission in the later phase, resulting in a blue optical color.
DOGs in the optical color-color diagram
In order to understand the optical color distribution of DOGs shown in Figure 12 , we compare the observed color distribution of DOGs and some galaxy spectral templates in Figure 17 . Here we use the E, Sbc, Scd, and Im galaxy templates of Coleman et al. (1980) . This figure suggests that the optical color of bump DOGs is understood by the reddened spectrum of star-forming galaxies at 0.5 z 1.5, which is consistent with the picture shown in Section 4.2 and also to the distribution of the photometric redshift (Figure 10 ). The optical color distribution of PL DOGs can be understood by the additional bluer AGN continuum emission on the reddened stellar emission, as discussed by Section 4.2.
Blue-excess DOGs
In Section 3.2.2, we showed that PL DOGs have systematically bluer (g−z) AB color than bump DOGs. Figure 16 . The mean SEDs of bump DOGs, PL DOGs, and BluDOGs. The top, center, and bottom panels show the mean SEDs of bump DOGs, PL DOGs, and BluDOGs, respectively. The blue square, the green circle, and the red triangle denote the HSC bands, the VIKING bands, and the ALLWISE bands, respectively. The error bar in the vertical direction denotes the standard deviation. The means of i-band flux for bump DOGs, PL DOGs, and BluDOGs are 3.90 × 10 −6 Jy, 3.04 × 10 −6 Jy, and 3.48 × 10 −6 Jy, respectively. (g − z) AB color, such as (g − z) AB ∼ 0.5. This is rather surprising because this color is similar to opticallyselected BOSS quasars at similar redshift (Table 6 ). To investigate those "blue-excess DOGs" (hereafter BluDOGs) in detail, we quantify the blueness of DOGs as follows. First, we assume that the optical emission covered by HSC (from g-band to y-band) is described by a power-law. Then the optical spectral index in the power-law fit (α opt ) is defined as follow: Figure 18 shows the histogram of α opt for bump DOGs and PL DOGs. This figure clearly shows that PL DOGs have flatter optical SED than bump DOGs; the averages and standard deviations of α opt for bump DOGs and PL DOGs are 2.52 ± 0.97 and 1.85 ± 1.08, respectively. Finally, we select BluDOGs by adopted the following criterion:
HSC VIKING ALLWISE
As a result, we select 8 BluDOGs. This corresponds to ∼ 2% (= 8/427) among the whole IR-bright DOGs sample; note that this fraction is uncertain since some possible observational biases (discussed in Section 4.1) are not taken into account. Before discussing the nature of Pickles (1998) . The green, the cyan, the purple, and the red lines denote the type E, Sbc, Scd, and Im galaxy templates of Coleman et al. (1980) , respectively. The symbols represent indications of redshift (circle, triangle, square, pentagon, and hexagon denote z = 0, z = 0.5, z = 1.0, z = 1.5 and z = 2.0, respectively). The blue and red contours denote the number density of the PL DOGs and the bump DOGs for each 0.5 × 0.5 mag 2 bin.
BluDOGs, we examine possible neighboring foreground or background objects around BluDOGs that may cause an observed very blue color. Figure 19 shows the i-band images of BluDOGs. 7 BluDOGs (i.e., expect for the BluDOG of id = 4) do not have bright objects within 3 arcsec. Since there is a neighboring object at ∼ 1.8 arcsec from a BluDOG (id=4), we check the multi-band images of the field around this BluDOG (Figure 20) . The neighboring object is fainter than the center BluDOG in any HSC bands, and its optical color is not very blue; the HSC g, r, i, and z-band magnitudes of the neighboring object are 24.3, 23.3, 22.9, and 22.5 mag, while the magnitudes of g, r, i, and z-band for a BluDOG (id=4) are 22.5, 22.9, 22.3, and 21.7 mag respectively. Thus we conclude that the blue-excess feature of this BluDOG (id=4) does not suffer from the neighboring object.
To investigate the SED of BluDOGs, we derive the mean SED (the geometric mean flux for each band) of BluDOGs in the same manner as described in Section 4.2. The mean SED of BluDOGs shows an extreme excess in bluer bands in optical (see Table 9 and the bottom panel of Figure 16 ).
Such a blue excess has been reported also for some Hot DOGs (Assef et al. 2016) . They argued that the Hot DOGs with a blue excess can be explained by the leaked AGN emission, and the BluDOGs in our sample seems to be a very similar population to the blue-excess Hot DOGs. This is an interesting idea because these populations of DOGs may correspond to the transition phase from the dust-obscured phase to the UV-bright quasar phase in the major-merger scenario of Dey et al. (2008) (see also Hopkins et al. 2008 ). Here we examine whether the BluDOGs in our sample also satisfy the criteria of Hot DOGs (Eisenhardt et al. 2012; Wu et al. 2012) , which are: We find that only 1 object among 427 IR-bright DOGs satisfies the criteria of Hot DOGs, and no BluDOGs satisfy the criteria of Hot DOGs. Therefore, the combination of the HSC and WISE offers a complementary way to the Hot DOG criteria for identifying very interesting objects in terms of the co-evolution between galaxies and SMBHs. 
CONCLUSION
We selected 427 IR-bright DOGs using the HSC S16A catalog, the VIKING DR2 catalog, and the ALLWISE catalog. The main results from the statistical analysis for the IR-bright DOGs are as follows:
1. The (g −z) AB color distribution of DOGs is significantly redder than that of ULIRGs, HyLIRGs, and quasars at similar redshift with a large dispersion.
2. The (g − z) AB color of the PL DOGs are bluer than that of the bump DOGs. This is explained by the reddened stellar optical emission seen in bump DOGs but it is overlaid by the power-law emission in the PL DOGs. 
